Objective: The availability of cartilage with or without the potential to ossify and suitable for surgical restoration and resurfacing of joints is an important clinical problem in arthritis-related pathology, trauma and reconstructive surgery. Here, we designed experiments to generate a biomaterial with cartilage-like properties by culturing neonatal porcine articular and growth plate chondrocytes on a hydrogel substrate and to examine the biochemical and histological characteristics of the resulting tissue.
Introduction
Cartilage is a highly specialized connective tissue that consists of relatively few cells embedded in an abundant extracellular matrix. The extracellular matrix of cartilage contains numerous collagens, proteoglycans, glycoproteins and other non-collagenous proteins [1] [2] [3] . Types II, IX and XI collagens are present in all cartilages and it is generally accepted that they play a crucial role in maintaining the structural integrity of the collagen network of the tissue [4] [5] [6] [7] [8] [9] . In contrast, type X collagen is found almost exclusively in the hypertrophic zone of the growth plate and is expressed at high levels in regions undergoing endochondral bone formation. This unique localization of type X collagen suggests an important role of this molecule in various processes specific to the growth plate such as calcification and/or chondrocyte hypertrophy [10] [11] [12] [13] .
Under normal conditions cartilage has a very limited capacity to regenerate and in most situations cartilage lesions or defects are repaired with biomechanically and structurally deficient fibrocartilaginous tissue [14] [15] [16] . Thus, the successful reconstruction of cartilage defects continues to be a challenging and unsolved problem. Several approaches to repair cartilage and bone defects have been described with varying degrees of success [16] [17] [18] [19] [20] [21] . Studies have been performed in animal models using chondrocytes cultured under various conditions including monolayer cultures 22, 23 , chondrocytes embedded within collagen gels 24 , fibrin matrix 25 , biodegradable polymer matrices 26, 27 , or in carbon fiber scaffolds 28 , or chondrocytes cultured on cellulose CMR filters 29 . Also, recent interest has centered on the utilization of mesenchymal stem cells with chondrogenic potential 30 . Transplantation of autologous chondrocytes previously expanded in vitro has been described for the treatment of localized cartilage defects in humans 31 . However, the results to date have not been uniformly successful 16, 32 , owing most likely to the loss of the chondrocyte-specific phenotype that occurs when these cells are expanded in monolayer cultures [33] [34] [35] .
A variety of techniques have been utilized to culture chondrocytes under conditions that allow the maintenance of the cartilage-specific phenotype 29, 35 . In the present study chondrocytes were isolated from neonatal porcine epiphyseal cartilage containing both articular and growth plate cartilages and were cultured at high cell densities for up to 10 weeks, employing culture conditions that prevent the adherence of the cells to the plastic substratum, as described previously 36 . The long-term primary cultures of these cells resulted in the in-vitro production of tissue that had gross and structural characteristics similar to those of natural cartilage, as demonstrated by histochemistry and molecular analyses of the expression of genes encoding relevant extracellular matrix proteins. Of interest was the observation that inclusion of growth plate cells in the culture resulted in the expression of the type X collagen gene with the accompanying production of the corresponding protein and the deposition of calcium within the matrix. These data demonstrate that the long-term cultures of these chondrocytes on polyHEMA-coated dishes resulted in the in-vitro production of cartilage-like material, which has the potential of being utilized in vivo for the successful repair of cartilage defects.
Materials and methods

ISOLATION OF CHONDROCYTES
Femoral heads and condyles containing both articular and growth plate cartilages were obtained from neonatal (0-1 day old) Yorkshire pigs within 2 h post mortem. Soft tissue and perichondrium were removed and cartilage was held in Dulbeco's minimum essential medium (DMEM) (Mediatech, Herndon, VA) at 4°C until isolation of chondrocytes. The cartilage was cut in small pieces of approximately 3 mm 3 and washed several times with Hanks' salt balanced solution (HBSS) (Mediatech), containing twice the usual concentrations of antibiotic and antimycotic agents (penicillin, 200 units/ml; streptomycin, 200 units/ml; amphotericin B, 5.0 g/ml) (Gibco-BRL, Grand Island, NY). The solution was discarded and new HBSS containing 1× antibiotics and 2 mg/ml each of trypsin and collagenase-2 (Worthington Biochemical Corporation, Freehold, NJ) was added for 1 h, the suspension was centrifuged at 600 g for 10 min, the pellet was collected and the supernatant was discarded. The pellet was resuspended in DMEM containing 10% fetal bovine serum (FBS) (Gibco-BRL, Grand Island, NY), and bacterial collagenase-2 (0.5 mg/ml) was added to the remaining tissue and digested overnight at 37°C with gentle shaking. The next day the cells released by enzymatic digestion were filtered through a 70 m nylon mesh filter (Nylon cell strainer, Falcon, Becton Dickinson Labware, Franklin Lakes, NJ) into a 50 ml tube containing 25 ml fresh DMEM. The cells were washed twice and collected by centrifugation at 600 g at 16°C for 10 min.
Microscopic examination (dark field) of the supernatants did not show any cells indicating that this g force was sufficient to pellet essentially all cells. After the final wash the cells were resuspended in fresh DMEM containing 10% FBS and counted. The average yield of isolated chondrocytes was 4.0×10 7 cells/g of fresh tissue. The culture medium used was DMEM containing 10% FBS, 100 units/ ml penicillin, 100 g/ml streptomycin, 2 mM glutamine, 1% vitamin solution (GIBCO, BRL), 2.5 g/ml amphotericin B, and 50 g/ml of ascorbic acid (Gibco) (Complete DMEM).
The isolated chondrocytes were plated at a density of 4.0×10 6 /200 l in each well of a 96-well microtiter plate for proliferation assays and at a density of 1.0×10 8 /5 ml in 60-mm plastic petri dishes for biochemical and molecular studies. The plastic dishes were pre-coated with poly(2hydroxyethyl methacrylate) (PolyHEMA) (Polysciences Inc, Warrington, PA) as previously described 36 . The cells were incubated at 37°C in 5% CO 2 for up to 10 weeks. During the 10 weeks of culture, the medium was replaced every 3-4 days and collected following addition of a mixture of broad-range protease inhibitors (PI) (Complete, Roche Molecular Biochemicals, Indianapolis, IN).
LIGHT MICROSCOPY AND HISTOCHEMISTRY EVALUATION
The cartilage-like tissue formed during the cultures was examined at weekly intervals. A portion (approximately 5×5×2 mm) was asceptically removed with a scalpel and fixed in 10% formalin and processed for light microscopy and histochemical staining. The sections were stained with hematoxylin-eosin, Alcian blue, Masson's trichrome and von Kossa stains.
CELL PROLIFERATION
To assess chondrocyte proliferation, the incorporation of labeled thymidine into nucleic acids was examined. For this purpose, every week three wells from the microtiter 96-well plate were labeled with 3 H-thymidine (5 Ci/well, specific activity 20 Ci/mM; New England Nuclear, Boston, MA) in complete DMEM at 37°C. The samples were harvested 48 h later, placed in 10% trichloroacetic acid (TCA), disrupted by vigorous agitation, and filtered through a 1.6 m glass fiber filter (Millipore PGF1/Millipore Corporation, Bedford, MA). The filters were placed in a glass vial and heated uncovered at 54°C for 1 h. Ten milliliters of scintillation fluid was added and the radioactivity incorporated into DNA was determined by scintillation counting.
COLLAGEN BIOSYNTHESIS
Each week, one 60 mm culture dish was labeled with 5 Ci/ml 14 C-proline (specific activity >250 mCi/mM; New England Nuclear) in fresh complete DMEM for 48 h. Following labeling, the media were removed and collected following addition of the stock PI solution. The tissues were washed with cold phosphate buffered saline solution (PBS) and homogenized in 3 ml of 1.0 M NaCl, 50 mM Tris HCl, pH 7.4, containing PI as previously described 37 . The tissues were homogenized with a tissue homogenizer (Tekmer, Germany) and washed several times in cold PBS. Collagens were sequentially extracted following a procedure we described previously which results in complete solubilization of cartilage collagen 38, 39 . The tissues were first extracted with 1.0 M NaCl, 50 mM Tris HCl, pH 7.4 for 170
L. E. Estrada et al.: Characterization of a biomaterial with cartilage-like properties 24 h. The remaining tissue was then extracted with 1 mg/ml pepsin for 4 h at room temperature and for 24 h at 4°C and the insoluble residue was solubilized following extraction with 1.0 M NaCl, 50 mM Tris HCl buffer containing 20 mM dithiotreitol for 24 h at 4°C. The extracts were then dialyzed with a 40 kD molecular weight cut off dialysis membrane (Spectrum, Houston, TX) at 4°C against 5 M acetic acid overnight with several changes. The extracts were centrifuged at 10 000 g for 5 min and the supernatants were removed and stored frozen (−20°C) following addition of stock PI solution. Any remaining unsoluble material (pellet) to be analysed separately was stored (−20°C) in sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer.
GEL ELECTROPHORESIS AND WESTERN ANALYSES
The labeled proteins present in the media and in the extracts at every period of harvesting were examined by SDS-PAGE in 6.5% polyacrylamide slab gels. The gels were electrophoresed at constant voltage of 100 V for 1 h at room temperature (mini-gels) or at a constant current (5 mAmp) overnight at 4°C (large gels). Following electrophoresis the proteins were transferred onto supported nitrocellulose membranes (MSI Westborough, MA) at 20 V overnight. The blots were blocked with 10% dry milk containing 1% normal goat serum and 0.1% sodium azide, (Roche Molecular Biochemicals) in PBS for 2 h at room temperature. For Western blots, the primary antibody was either anti-chick type X-collagen antibody (1/3000), or biotinylated goat anti-bovine types I or II collagen antibody (1/1500) (Southern Biotechnology Associates, Inc, Birmingham, AL), or a monoclonal anti-type III collagen antibody (1/1500) (BRL). Each antiserum was diluted in 2.5% BSA containing Nonidet 0.1% (v/v) for 3 h at room temperature. For detection of type X collagen, anti-rabbit IgG-horseradish peroxidase (HRP) conjugate (1/400 1% BSA/PBS) (Amersham Life Sciences, Arlington Heights, IL), was used for 1 h at room temperature followed by peroxidase-based detection reaction (ECL, Amersham Life Sciences). Autoradiography film designed for chemiluminescence was used. For detection of type II collagen, streptavidin with HRP conjugate (Amersham Life Sciences) at a 1/2000 dilution (1% BSA/PBS) was added for 45 min at room temperature followed by ECL.
RT-PCR
Total RNA was obtained from freshly isolated chondrocytes and from cultured chondrocytes with TRIzol (Gibco BRL) as described by the manufacturer. Total RNA was used in reverse transcriptase-PCR reactions (Titan RT-PCR system, Roche Molecular Biochemicals) to determine the presence of types II and X collagen transcripts. The RNA was reverse-transcribed, and the cDNA was amplified by PCR (Expand High Fidelity, Roche Molecular Biochemicals) with specific primers for glyceraldehyde 3 phosphate dehydrogenase (GAP), and types II and X collagens. Primers for human types II and X collagens (kindly provided by Dr Rita Dharmavaram, Thomas Jefferson University) were designed to amplify a 490 bp fragment from the 3′ end of the 1(II) collagen chain (bp position in the mRNA 2564-3054) and a 420 fragment from the triple helical region of the 1 (X) collagen chain (bp position in the mRNA 900-1320). Primers for GAP (Lysate mRNA Capture Kit; Amersham) resulted in amplification of a 300 bp fragment near the upstream (5′ end) of human GAP mRNA.
Two g of total RNA was used in the RT-PCR following the protocol suggested by the manufacturer under the following conditions: 50°C for 30 min, 94°C for 2 min, 10 cycles at 94°C for 30 s, at 55°C for 30 s, and at 68°C for 2 min, 25 cycles at 94°C for 30 s, at 55°C for 30 s, and at 72°C for 1 min plus a 5 s increase for every additional cycle, and final extension at 72°C for 5 min. The PCR products were electrophoresed on a 2% agarose gel containing ethidium bromide. The size of the products was determined by comparison with the migration of a 1-kb DNA ladder (Gibco-BRL). To confirm the identity of the amplified products corresponding to collagen type X (420 bp) and collagen type II (490 bp) or GAP (300 bp) as specific products of amplification, the ethidium bromide stained bands were excised, the DNA was extracted and purified employing the Qiagen Gel Extraction Kit (Qiagen, Santa Clarita, CA) and a 20 g aliquot was sequenced in an ABI sequencing system (Thomas Jefferson University Nucleic Acid Facility). The sequences were analysed and compared to known sequences in GenBank.
Results
GROSS MORPHOLOGICAL APPEARANCE
Growth of cartilage-like material was most efficiently achieved when cultures of high density (>2.0×10 7 /ml) were used. The porcine chondrocytes plated on polyHEMAcoated plastic dishes began to cluster within 2-3 h and within 12 h formed a sheet that retracted from the edges of the culture dishes and floated freely in the culture medium. By 2 weeks the consistency of the sheets increased so that they could be moved and lifted with tweezers without disturbing their integrity. Over the 10-week period of culture the sheets formed became more opaque and continued to expand and thicken reaching a maximal diameter of 2-4 cm and a maximal thickness of 4-5 mm after the third or fourth week. All cartilage-like tissues formed had thicker edges that rolled up and tended to remain at or slightly above the air-media interface. The gross appearance of tissue produced by the chondrocyte cultures following approximately three weeks in culture was similar to fresh articular cartilage in its opalescent translucency, resiliency and consistency. The gross appearance of the tissue formed after 10 weeks of culture is shown in Fig. 1 .
LIGHT MICROSCOPY AND HISTOCHEMISTRY
The organization and histochemical appearance of the tissue formed during culture was examined by staining with Alcian blue, Masson's trichrome, and von Kossa stains. The results are shown in Figs 2, 3 and 4. After 1 week, large numbers of polygonal cells with very scanty intercellular matrix staining very poorly with Alcian blue were observed. With time in culture, the intercellular matrix increased progressively and became more organized, and by 4 weeks resembled the histological appearance of normal cartilage. The amounts of intercellular matrix and their proteoglycan content continued to increase as evidenced by the intensity of Alcian blue staining. While the tissue formed was somewhat heterogeneous in both cellularity and matrix abundance at each time point examined, lower amounts of proteoglycans, as indicated by less intense Alcian blue staining, were observed in the zones closest to the surface and at the edges. A deeper proteoglycan-rich zone with very intense blue staining occupying the majority of the thickness of the tissue was observed after 5 weeks of culture, as shown in Figs 2 and 3. Abundant collagenous fibrils arranged in grossly parallel bundles were observed by Masson's trichrome staining as illustrated in Fig. 4(A) . Calcium deposits were noted in discrete areas throughout the tissue as identified by von Kossa staining [ Fig. 4(B) ]. The deeper zone (i.e. the tissue more remote from the surface or medium interface) contained the most prominent areas of calcification. Although few small calcium deposits were observed from the beginning of the culture, their number and size increased markedly after the fifth week and increased further at 10 weeks. The presence of calcium is expected since the cultures were established with the inclusion of growth plate chondrocytes. Cultures of articular chondrocytes established without growth plate chondrocytes did not calcify and failed to express type X collagen (data not shown).
CHONDROCYTE PROLIFERATION AND TISSUE MASS
Assays of chondrocyte proliferation employing 3 H-thymidine incorporation showed that the chondrocytes initiated proliferation in the first week and increased substantially their proliferative activity during the second and third weeks. Cellular proliferation reached a peak (approximately three-fold) at weeks 2-3, then declined rapidly in Fig. 1 . Gross appearance of the cartilage-like tissue formed by chondrocytes after 10 weeks of culture on a poly(HEMA) substrate. Isolated chondrocytes (1×10 8 cells/60 mm dish) were cultured on poly-HEMA-coated 60 mm plastic dishes for 10 weeks as described in Methods. The photograph is approximately 75% of the actual size and is representative of the tissue formed in all cultures. week four and remained at a plateau from weeks five to 10 [ Fig. 5(A) ]. However, the total tissue mass increased progressively during the culture reaching 6.5-7-fold greater mass at the 10-week period [ Fig. 5(B) ].
ANALYSIS OF NEWLY SYNTHESIZED COLLAGENS
The amounts of collagen present in the culture media showed an increase during the first 3 weeks and then a gradual decrease until the 12-week period (Fig. 6) . In contrast, analysis of newly synthesized collagen assembled in the tissue showed progressive collagen accumulation beginning in the first week and increasing over time at all periods analysed (data not shown). Small amounts of type I collagen were detected in the medium over the 12-week culture period. The antibody used is known to cross-react with type I collagen chains [ Fig. 6(A) ]. A graphical representation of the amounts of 1(II) and 1(I) is shown in Fig. 6(B) . The data were obtained by densitometric scanning of the bands identified.
Pepsin and DTT extracts from the tissue formed in culture were examined by SDS-PAGE and Western blot. When type II collagen antibody was employed, a band migrating at .100 kDa corresponding to type II collagen -chains was present in detectable amounts at the first week and progressively increased during the entire culture period [ Fig. 7(A) ]. Western blot with a type X collagen antibody revealed that a band at 45-50 kDa 37, 39 corresponding to type X collagen -chains was first detected at four weeks and progressively increased almost doubling in amount in the 10-week period samples [arrow, Fig. 7(B) ].
RT-PCR
The findings of Western blot were confirmed by RT-PCR. These studies showed the expected size bands at 490 bp corresponding to type II collagen and at 420 bp corresponding to type X collagen (Fig. 8) . The mRNA levels determined by semi-quantitative assessment of the PCR reactions corrected for the GAP mRNA amplification product correlated closely with the protein levels detected by Western blot analysis.
Discussion
Damage and degeneration of articular cartilage are the hallmarks of osteoarthritis (OA) and numerous other rheumatologic conditions including rheumatoid arthritis and various inflammatory joint diseases. Joint dysfunction caused by articular cartilage damage is a leading cause of disability and results in enormous health care utilization costs and loss of economic productivity, largely due to absenteeism 40, 41 . In addition to OA and inflammatory joint diseases, cartilage damage from trauma or mechanical injuries is also common. In contrast to other tissues, the ability of articular cartilage to undergo appropriate and functionally effective repair is extremely limited 14, 16, 32 . Indeed, in most instances of documented cartilage repair the tissue is replaced by fibrocartilage lacking the structural, functional and biomechanical properties of intact tissue. Thus, there has been an intense effort in recent years to stimulate repair of normal articular cartilage or to produce in-vitro bio-engineered tissue that may be used for transplantation. The possibility of in-vitro production of an explantable material which mimics natural articular cartilage and has the potential to be utilized to repair damaged joints or to resurface cartilage defects is appealing. However, these efforts have been hampered by the well-known behavior of chondrocytes cultured in vitro, which undergo a prompt loss of their cartilage-specific phenotype and become fibroblastic [33] [34] [35] . This phenotypic shift is evidenced by the loss of expression of cartilagespecific genes and loss of production of the corresponding proteins (types II, IX and XI collagens, and the large aggregating proteoglycan, aggrecan) which are replaced by products characteristic of fibroblastic cells (types I and III Fig. 5 . Measurement of cell proliferation and changes in tissue mass in chondrocyte cultures. Isolated chondrocytes were cultured in wells of a 96-well plate coated with poly-HEMA (for cell proliferation) or in poly-HEMA-coated 60 mm culture dishes (for the tissue mass measurements) as described in Methods. Cellular proliferation was measured by the incorporation of 3 H-thymidine and was performed in quadruplicate (panel A). The wet weight (mg) of the tissue formed was measured at the time of harvest (panel B). All replicates were from one single experiment and the values obtained differed by less than 10% between replicates. Fig. 6 . Western blot of type II collagen secreted into the media by chondrocytes cultured in poly-HEMA-coated dishes for 2-12 weeks (Panel A). Equal volumes of culture media were sampled at the indicated intervals, digested with pepsin and 50 l aliquots analysed by Western blot as described in Methods. Anti-type II collagen antibodies were used at a 1:1500 dilution. The characteristic 1(II) collagen chain is identified by its size in comparison with the position of migration of a standard human type II collagen preparation. The antiserum was shown to cross-react with 2(I) collagen chains. The lower band was determined to represent 2(I) collagen chains by Western blotting (data not shown). The data obtained from densitometric scanning of the bands for 1(II), 1(I), and 2(I) are graphically shown in panel B. The pixel volume (PV) for 1(II) collagen (m) was determined by subtracting the PV for the 1(I) collagen chain () which was calculated to be 2 times the PV of the 2(I) collagen chain.
collagens, fibronectin, and small nonaggregating proteoglycans). Although the mechanisms responsible for the maintenance of the chondrocyte-specific phenotype in vitro and for the rapid loss of their specialized chondrogenic functions when cultured on plastic matrices have been studied extensively [33] [34] [35] , the intimate mechanisms responsible for these processes are not known. It appears, however, that changes in cell shape are crucial as cells cultured under conditions that allow their attachment to the underlying matrices result in rapid loss of the chondrocytespecific phenotype 42 . We have previously demonstrated that human articular chondrocytes cultured under conditions that prevent their attachment to the underlying substrate by utilizing polyHEMA-coated culture dishes allowed the maintenance of a cartilage-specific phenotype for prolonged periods of time 36 . The cultured cells formed clusters and nodules which displayed morphological, histological, histochemical and electronmicroscopical characteristics similar to those of natural articular cartilage. In the present study we have utilized this method to characterize the expression of chondrocyte-specific collagen genes in cultures of neonatal porcine epiphyseal cartilage chondrocytes plated at densities ≥5 times greater than in the previous study. The results demonstrated that culturing these cells at 1.0×10 8 /60 mm-polyHEMA-coated plates resulted in the production of cartilage in vitro in a relatively short period of time (10 weeks). The material obtained had similar physical properties and histological and histochemical features to those of natural growth plate cartilage. The culture system utilized allowed a marked increase in the chondrocyte population during the first 2-3 weeks of culture but cell numbers subsequently reached a steady-state level at lower cell densities. There was, however, a continuous increase in the total mass (wet weight) of the tissue during culture. Furthermore, the cultures displayed the expression of high levels of the chondrocyte-specific type II collagen gene and the production of the corresponding protein. It was of interest that there was progressive accumulation of calcium deposits in the deeper layers of the tissue formed in vitro during culture. Calcium deposition was accompanied by initiation of expression of the growthplate cartilage-specific gene product, type X collagen. The expression of type II collagen was detectable very early during culture and increased in the organized matrix progressively for the 10 weeks of the experiment. Type III collagen, characteristic of a dedifferentiated phenotype, was not detected by Western blotting over the 10-week culture period (data not shown), whereas small amounts of type I collagen were detected when chondrocytes from the growth plate were included. In contrast to the early expression of type II collagen, expression of type X collagen was delayed and was not detectable until approximately 4-5 weeks of culture. The initiation of expression of type X collagen and the progressive deposition of calcium during culture suggest that either the cultured chondrocytes underwent a normal process of maturation and progressive differentiation leading to the appearance of hypertrophic cells capable of producing type X collagen and promoting tissue calcium deposition or, more likely, that these events were induced by the growth plate chondrocytes present in the initial pool of cells, since the tissue of origin of the chondrocytes included growth plate cartilage. It is of note that cultures of human fetal epiphyseal chondrocytes without inclusion of growth plate chondrocytes on poly-HEMA coated dishes for as long as 180 days failed to show expression of type X collagen and did not display calcium deposition 36 . The experimental design did not permit the assessment of temporal or spatial correlations between the deposition of calcium and the expression of type X collagen. However, histological examination indicated that the calcium deposits were disorganized and amorphous and did not assemble in the structure expected for that of a functional growth plate. The absence of organization of mineral deposition in these cultures suggests that other factors, such as, for example, mechanical or vascular, Molecular size markers for globular proteins are indicated. Fig. 8 . Demonstration of type II and X collagen transcripts in cultured chondrocytes by RT-PCR. Total RNA was prepared from freshly isolated chondrocytes (same as those used for culture) and from chondrocytes isolated from the tissue formed after 8 weeks in culture. Equal amounts of total RNA (1 g) were used in a RT-PCR reaction using GAP, type II or type X collagen-specific oligonucleotide primers as described in Methods. The PCR products were electrophoresed on agarose gels and identified by ethidium bromide staining. The expected sizes of the products for GAP (control), type II collagen, and type X collagen are 300, 490 and 420 bp, respectively. which were not present during the culture may play an important role in the organization of mineral deposits in the tissue. The ability of the cultures to initiate the expression of type X collagen indicates that this culture system could be quite useful in aiding understanding of the mechanisms responsible for regulation of expression of this important hypertrophic chondrocyte-specific gene product. Indeed, preliminary studies have indicated that addition of certain growth factors such as IGF-1 may stimulate the expression of type X collagen (Dodge and Jimenez, unpublished observations). These studies suggested that it might be possible to modulate the culture conditions in vitro to allow the production of a functional osteochondral matrix that may be utilized for reconstruction of defects that would require calcified cartilage or osteochondral segments. However, it is possible to obtain a biomaterial which is free of calcium and type X collagen by excluding growth platederived chondrocytes (Ref. 36 and data not shown). The results described here clearly demonstrate that it is possible to culture chondrocytes under conditions that allow the maintenance of the chondrocyte-specific phenotype for prolonged periods of time and to obtain in vitro cartilagelike material. This system, thus, may be of substantial value for the generation of implantable materials that can be utilized to restore cartilage and/or bone defects or to resurface damaged joints.
